Introduction
In recent years, interest in waste treatment and recycling has increased, due to environmental concerns. The shredder dust is produced from scrapped automobiles and home electric appliance by shredding and sorting. In particular, approximately 1.2 million tons of the automobile shredder residue (ASR) are generated in one year in Japan. Although the shredder dust has been conventionally dumped in landfill sites, it is essential to establish the treatment technology due to the lack of the landfill sites and the land pollution. The metal in ASR is mainly composed of iron and copper, the contents of which are about 8 % and 4.4 %, respectively.
1) The amounts of iron and copper in ASR generated in one year in Japan are equivalent to approximately 0.15 % and 4 %, respectively, of the annual domestic consumption of iron and copper. Accordingly, it is very important to recover iron and copper from ASR.
An iron-copper binary system has a single liquid phase in molten state. It has been reported that it separates into Fe-rich and Cu-rich phases by the addition of C, 2-4) P, 5) Si 6) or Co. 7, 8) In our previous work, 9) the two liquid phases separation was also found in the Fe-Cu-B system, and the equilibrium relation of the phase separation was investigated at 1 873 K. The lower temperature is considered to be more advantageous for separating the two liquid phases from both thermodynamics and the actual treatment. The liquidus temperature of Fe-Cu-B system lowers by adding carbon, which is one of the most popular elements in steel. In the present study, the equilibrium relation of the phase separation is examined in the Fe-Cu-B-C system. The effect of temperature on the phase separation of iron and copper is also investigated.
Experimental
High purity electrolytic iron (purity: 99.98 %) and reagent grade boron (purity: 99.8 %) inserted in an alumina crucible (38-mm o.d., 45-mm height, 30-cm 3 volume) were inductively heated up to 1 873 K in an Ar-H 2 atmosphere, and the Fe-3 to 5mass%B alloys were prepared. Moreover, by adding carbon, the Fe-0.5 to 3.5mass%B-3mass%C alloys were also made. The experimental apparatus consisted of a vertical MoSi 2 electric resistance furnace, which was connected to a proportional integral and derivative action (PID) controller with a Pt-6%Rh/Pt-30%Rh thermocouple. A mullite furnace tube (60-mm o.d., 52-mm i.d., 1000-mm long) was used. The prepared Fe-B or Fe-B-C alloy weighing 10 g and reagent grade copper (purity: 99.0 %) weighing 10 g were put in an alumina crucible (15-mm o.d., 12-mm i.d., 100-mm height), and the alumina crucible was inserted in a graphite holder(42-mm o.d., 34-mm i.d., 150-mm height). Then, the sample was held for over 5 h in an argon atmosphere at 1 523 K or 1 425 K, and the holding time was preliminary confirmed to be enough to attain the equilibrium between Fe-rich and Cu-rich phases. 9) After equilibrium was attained, the sample was rapidly cooled by withdrawing from the furnace. The sample was cut vertically, and the immiscibility of the liquid Fe-rich and Cu-rich phases was observed from the vertical sections of samples in all the present experiments. The boron and copper contents of the Fe-rich phase and the boron and iron contents of the Cu-rich phase were analyzed by an inductively coupled plasma (ICP) emission spectrometry. The The metal in the shredder dust, which is produced from scrapped automobiles and home electric appliances by shredding and sorting, is mainly composed of iron and copper. It is more desirable to reuse as ferrous and cupreous resources by separating iron and copper. In the present work, the phase separation of iron and copper in the Fe-Cu-B and Fe-Cu-B-C systems is investigated at 1 523 K and 1 425 K. In the Fe-Cu-B system, the copper content of Fe-rich phase and the iron content of Cu-rich phase at 1 523 K are 4.60 mass% and 5.30 mass%, respectively, in the case of [mass%B] (in Fe) ϭ2.90.The contents are about 1 to 2 mass% lower than those at 1 873 K. In the Fe-Cu-B-3mass%C system, the copper content of the Fe-rich phase and the iron content of the Cu-rich phase are lower than those in the Fe-Cu-B system. The carbon addition widens the miscibility gap of iron and copper and is more effective for the separation. By the boron and/or carbon additions, it is almost possible to recover more than 80 % of copper from Fe-20mass%Cu alloy.
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carbon content of the Fe-rich phase was also analyzed by the combustion method using a carbon analyzer. The error of the chemical analysis was about 1 to 2 %.
Several phase diagrams of the Fe-B-C system are reported. [10] [11] [12] The initial compositions of Fe-Cu-B-C system were determined from the phase diagrams so as the Fe-rich phase after the phase separation of Fe-Cu-B-C system may become liquid at the experimental temperature. In a part of experimental samples of the Fe-Cu-B-C system, the liquidus temperature in the Fe-rich phase after the phase separation was measured by using TG-DTA. The liquidus temperature in the case of sample no. 11 in Table 1 is 1 365 K. It is preliminary confirmed that the liquidus temperature is lower than the present experimental temperature. Table 1 . Under all the present experimental conditions, two liquid phases which are composed of Fe-rich phase in the top layer and Cu-rich phase in the bottom layer were confirmed by observing a cross section of the samples after the experiments.
Effect of Lower Temperature on the Phase Separation of Iron and Copper
In the Fe-Cu-B system, the effects of the boron content of the Fe-rich phase on the copper content of the Fe-rich phase and the iron content of the Cu-rich phase are shown respectively in Figs. 2(a) and 2(b) at 1 523 K. It is found from Fig. 2 that both the copper content of the Fe-rich phase and the iron content of the Cu-rich phase gradually decrease with increasing the boron content of the Fe-rich phase. The previous experimental results at 1 873 K 9) are also plotted in Fig. 2 . The copper content of the Fe-rich phase and the iron content of the Cu-rich phase at 1 523 K are 4.60 mass% and 5.30 mass%, respectively, in the case of [mass%B] (in Fe) ϭ2.90 (No. 1). The contents are about 1 to 2 mass% lower than those at 1 873 K. It is found that the two liquid phases separation is enhanced at the lower temperature. Figure 3 shows the effects of boron content of the Ferich phase on the copper content of the Fe-rich phase and on the iron content of the Cu-rich phase in the Fe-Cu-B and the Fe-Cu-B-3mass%C systems at 1 523 K. From Fig.  3(a) , it can be seen that the copper content of the Fe-rich phase in the Fe-Cu-B-3mass%C system is smaller than that in the Fe-Cu-B system at the same boron content. It is found from Fig. 3(b) that the iron content of Cu-rich phase in the Fe-Cu-B-3mass%C system is about 2 to 3 mass% lower than that in the Fe-Cu-B system. These results indicate that the carbon addition to the Fe-Cu-B system widens the miscibility gap and is more effective for the separation of iron and copper. The isothermal cross-sectional phase diagrams of the Fe-Cu-B and Fe-Cu-B-3mass%C systems at 1 523 K are respectively drawn in Fig. 4 from the present experimental results.
Effect of Carbon on the Phase Separation of Iron and Copper
We consider the recovery of iron and copper from Fe-Cu Table 1 . Experimental results for phase separation in Fe-Cu-B-C system. Fig. 4 , are calculated according to the following procedure: 1. The amounts of boron and carbon which are added in the initial Fe-10, 20 and 30mass%Cu alloys weighing m°T (ϭm°F e ϩm°C u ) (g) are determined. 2. After the boron and/or carbon additions, the mass of iron contained in the Fe-rich phase, m Fe , and the mass of copper contained in the Cu-rich phase, m Cu , are calculated from the phase diagram shown in Fig. 4 . 3. The recovery ratios of iron and copper can be determined by using Eq. (1). 4. The procedure in Steps 1 to 3 are repeated for sample no. 1 to 11 in Table 1 . The calculation results for sample no. 1 to 11 are tabulated in Table 2 . It is found that more than 80% of recovery ratio of copper can be almost obtained from (b) Fe20mass%Cu alloy.
Phase Separation of Iron and Copper in the Fe-
Cu-C-M System The phase separation for Fe-Cu-C-M (ϭAl, Cr, Mn, S or Si) system was investigated at 1 453 K under the condition of carbon saturation by Yamaguchi et al.
2) The dependences of the copper content of the Fe-rich phase and the iron content of the Cu-rich phase on the carbon content of the Fe-rich phase are respectively shown in tal results are also plotted in Fig. 5 . Both the copper content of the Fe-rich phase and the iron content of the Cu-rich phase in the present study are about 2 to 3 mass% lower than those by Yamaguchi et al. at the same carbon content, which indicates that the effect of boron on the phase separation of iron and copper is larger than that of carbon. The interaction parameters of carbon and boron for copper, e C Cu and e B Cu , are 0.066 13) and 0.18, 9) respectively. Accordingly, the repulsive force between copper and boron is larger than that between copper and carbon in a dilute solution. From this fact, the present result is considered to be valid under the assumption that the relationship of the interaction parameters in a dilute solution is unchanged at higher concentration range.
Conclusions
The phase separation of iron and copper in the Fe-Cu-B and Fe-Cu-B-C systems has been investigated at 1 523 K and 1 425 K. The conclusions are as follows:
(1) In the Fe-Cu-B system, the copper content of the Fe-rich phase and the iron content of the Cu-rich phase at 1 523 K are 4.60 mass% and 5.30 mass%, respectively, in the case of [mass%B] (in,Fe) ϭ2.90. The contents are about 1 to 2 mass% lower than those at 1 873 K.
(2) In the Fe-Cu-B-3mass%C system, the copper content of the Fe-rich phase and the iron content of the Cu-rich phase are lower than those in the Fe-Cu-B system. The carbon addition widens the miscibility gap and is effective for the separation of iron and copper.
(3) By the boron and/or carbon additions, it is almost possible to recover more than 80 % of copper from Fe20mass%Cu alloy.
